We present a generalization of a model where the right-handed up-type quarks serve as messengers for neutrino mass generation and as a portal for dark matter. Within this framework the Standard Model is extended with a single Majorana neutrino, a coloured electroweak-singlet scalar and a coloured electroweak-triplet scalar. We calculate the relic abundance of dark matter and show that we can match the latest experimental results. Furthermore, the implications from the scattering between nuclei and the dark matter candidate are studied and we implement the latest experimental constraints arising from flavour changing interactions, Higgs production and decay and LHC collider searches for a single jet and jets plus missing energy. In addition, we implement constraints arising from scalar top quark pair-production. We also study the production of a single top in association with missing energy and calculate the sensitivity of the LHC to the top quark semileptonic decay mode with the current 20 fb −1 data set at a centre of mass energy of √ s = 8 TeV. Furthermore, we carry out the analysis to centre of mass energies of √ s = 14 TeV with 30 and 300 fb −1 of data.
I. INTRODUCTION
We now have ample evidence pointing towards the existence of dark matter [1, 2] . Gravitational phenomena such as velocity dispersion and rotation curves of galaxies suggest the existence of non-luminous matter not composed of the known Standard Model (SM) particles [3, 4] . The most recent data from the Planck collaboration, which builds upon the successful findings of WMAP [5] , estimates a cold dark matter cosmological parameter Ω DM h 2 = 0.1199±0.0027 [6] . However, due to the solely gravitational evidence regarding the existence of dark matter, its identity remains unknown. One candidate explanation for dark matter is the existence of a weakly interacting massive particle (WIMP). Models of beyond the SM physics such as the Minimal Supersymmetric Standard Model (MSSM) provide a natural WIMP and reproduce the right abundance in the universe determined by their self-annihilation rate. Furthermore, WIMPs may scatter off nuclei in direct detection experiments, and one can probe the spin dependent [7] [8] [9] [10] [11] and spin independent scattering cross sections [12] [13] [14] [15] . These experiments, together with the relic abundance of dark matter in the universe provide stringent constraints on models beyond the SM with a WIMP candidate.
With the LHC running, scales beyond the electroweak scale are now being probed. The search for new particles and interactions is now underway. In particular, searching for collider signatures that may point at the nature of dark matter has become an active program by both the CMS and ATLAS collaborations. Current dark matter searches are usually carried out by analyzing the possibility that jets are produced in association with a large amount of missing transverse energy (MET) [16] [17] [18] [19] . Furthermore, final states that do not appear in the SM at tree level have been proposed in order to enhance the sensitivity to dark matter production. One such final state was proposed in [22] , where a single top quark is produced in association with MET. This final state, in analogy to its light-quark analogue (monojet), has being named monotop. Monotop production provides a signal that is easier to discriminate than monojet production since the top quark fixes the flavour in the final state. The CDF collaboration carried out a search with 7.7 fb −1 of data at 1.96 TeV centre of mass energies [20] and very recently the CMS collaboration in the hadronic decay mode of the top quark with 19.7 fb −1 of data at 8 TeV centre of mass energies [21] . They were able to set 95% confidence level upper limits on the cross section for the process pp → t + MET. Models beyond the SM with a monotop signature have been proposed and in particular models where an effective theory approach has been taken have analyzed the significance of a signal in both the hadronic and semi-leptonic decay modes of the top quark with the 7 and 8 TeV data sets at the LHC [22] [23] [24] . Top-down approaches have also been studied. In particular, a charged Z ′ model was proposed to address the non-zero forward-backward top asymmetry at the Tevatron and the null charge asymmetry at the LHC [25, 26] . A monotop signal can also arise within a Type II Two-Higgs doublet model supplemented with a SM gauge singlet scalar, identified as the dark matter candidate [27] . The significance of a monotop signal in the last two models has been analyzed in [28] and a future search by the LHC can probe the Z ′ model with the current 20 fb −1 of data at 8 TeV centre of mass energies. Another model implements a coloured electroweak-singlet scalar and three Majorana fermions, uncharged under the SM gauge symmetry, to address the non-zero forward-backward top asymmetry through on shell production of the coloured scalar [29] . Furthermore, supersymmetric models with R-parity violation can lead to singly produced top quarks in association with a longlived neutralino [30] [31] [32] . In this work we revisit the model introduced in [33] where, without extending the SM gauge symmetry, we incorporate a Majorana neutrino coupling to up-type right-handed quarks through a coloured electroweak-singlet scalar. The simplest and most economical case studied there used only the top and charm quarks. In addition, we add a coloured electroweak-triplet scalar coupling to left-handed leptons and left-handed quarks. Our model belongs to a family of models where the dark matter relic abundance is induced by the exchange of a t-channel scalar mediator and where the dark matter nucleon scattering cross section is through the t-channel exchange of the mediator [34] [35] [36] [37] [38] . Furthermore, within our framework active neutrino masses are generated radiatively and can be understood in a generalized seesaw framework. The active neutrino masses are given by the effective
operator where the seesaw scale is Λ and g ef f is some effective coupling. For our model, Λ ≃ O(TeV), is determined by the mass of the heavy coloured scalar. The coupling g ef f is a product of 3 loop-factors, several Yukawa and scalar couplings of which the top Yukawa coupling is the largest. Hence, the top quark plays a very special role. In [33] , the right-handed up quark was not coupled to the Majorana neutrino and the coloured electroweak-singlet and thus we were able to easily evade most dark matter direct detection constraints and current monojet and jets + MET constraints at the LHC. Similarly within that framework, new collider signatures that can be probed with current and future data, such as monotops, were also absent. Making the up quark play an active role not only completes the model but also provides us with a clear monotop signature that would have been suppressed in the previous simplified model. It would be interesting to witness future analyses by the CMS and ATLAS collaborations that can probe models such as ours that predict the production of a singlet top quark in association with a dark matter particle. In our case, this could be evidence of the underlying mechanism that bestows neutrinos with mass.
The summary of our study is as follows: In Section II we review the model and in Section III the mechanism that leads to the relic abundance of dark matter. Furthermore, we analyze the implications from the scattering between nuclei and our dark matter candidate. In Section IV we review the mechanism that radiatively generates active neutrino masses. In Section V we analyze all of the experimental constraints sensitive to our framework and in Section VI we summarize our results and present the allowed regions of parameter space within different model scenarios. In Section VII we analyze the monotop signal that arises in our framework and discuss the sensitivity of the LHC to the semileptonic decay modes with the current 20 fb −1 data set at 8 TeV centre of mass energies. We then carry out an analysis of the future sensitivity at 14 TeV LHC and conclude in Section VIII.
II. THE BASIC MODEL
Within this framework, without extending the SM gauge symmetry, we incorporate a Majorana neutrino, N R , that couples to right-handed up-type quarks through a coloured electroweak-singlet scalar, ψ transforming as a (3, 1, 2/3) under the SM gauge group. We also introduce couplings between left-handed leptons and left-handed quarks through a coloured electroweak-triplet, χ
transforming as a (3, 3, −1/3) under the SM gauge group. The new operators are parametrized by the following Lagrangian:
χ and m 2 ψ must be positive. Furthermore, one can see that in this framework, the Z 2 dark parity remains exact after electroweak symmetry breaking.
III. DARK MATTER

A. Relic Abundance
The existence of an unbroken Z 2 symmetry stabilizes N R and the nature of the Lagrangian introduced in Equation (2) yields a mechanism for its relic abundance. This mechanism is the N R pair annihilation through a t-and u-channel exchange of the new coloured electroweak-singlet, ψ. The u-channel is available because N R has similar properties as a Majorana fermion. These diagrams are depicted in Figure 1 .
The present day relic abundance is given by [39] Ω DM h 2 ≈ 1.65 × 10
GeV −2 σv log 0.038g
Interaction channels that lead to a reduction in the relic abundance of NR: Channels consist of annihilation into uiūj , i, j = u, c, t. A similar u-channel graph is not shown.
.
where we have dropped the temperature dependence in the logarithm since it is not an important factor in the region we are studying. The most important controlling factor above is σv and the correct relic abundance can be achieved with a value of σv ≃ 3 × 10 −26 cm 3 /s. The thermalized cross section at temperature T can be calculated from the annihilation cross section of our dark matter candidate, N R . The annihilation channels are depicted in Figure 1 . The thermalized cross section is given by
where σ(s) is the annihilation cross section of the 2 → 2 annihilation process
and K 1 (z), K 2 (z) are Modified Bessel functions of the first and second kind respectively. This procedure requires elaborate numerical computations. Below we outline a good approximate calculation of σv which we check against the numerical calculations. In our analysis we use the Boltzmann distribution to calculate the thermal averaged cross section. This allows us to consider a low velocity expansion of the annihilation cross section:
where v rel is related to the center of mass velocity of the annihilating particle by v CM = v rel /2. We also make use of a technique studied in [40] which uses the fact that Mandelstam variables can be expanded in the following way
With this in mind, and using the notations of [40] , the differential cross section can be written as
where J(s, t) = |M | 2 and K(s) = | p 3 |/16πms can both be expanded about s = s 0 and t = t 0 to obtain
For annihilation only into light quarks, the thermalized cross section is p-wave suppressed and it is given by
while for annihilation mainly into tt, small y u,c ψ , the thermalized cross section is dominated by the s-wave: With the above method, our calculations were in good agreement with the relic abundance generated by MicrOMEGAs [41] with model files generated with FeynRules [42] . We would also like to emphasize that near the degenerate region, M NR ≈ m ψ , co-annihilation effects become important. The co-annihilation channels that contribute to the relic abundance calculation are N R ψ † → u/c/t, g as well as the ψψ † annihilation channels. These channels tend to make the annihilation process more efficient requiring lower values of y t,c,u ψ and become important if the mass difference, δm = m ψ − M NR , is small compared to the freeze-out temperature of the Majorana neutrino [43] . Within our framework, the region consistent with the cold dark matter cosmological parameter sits away from this region and thus co-annihilation effects can be safely neglected. The results for y 
B. Direct Detection
In our framework, the dark matter candidate is a Majorana fermion with chiral symmetric interactions that lead to a non-relativistic WIMP-nucleon scattering cross section dominated by spin-dependent interactions [44] . The scattering is dominated by t-and u-channel exchanges of the coloured electroweak-singlet, ψ. The amplitude in terms of the quark-current expectation values is given by
and the cross section by
where ∆ p(n) = 0.78 (−0.48) is the spin fraction of the proton (neutron) carried by the u-quark [45] , m N the mass of the nucleon, and Γ ψ is the full width of the scalar mediator. The implications of the coupling between the u-quark and a Majorana fermion has recently been studied in [34] [35] [36] . However, in these works, the coloured electroweak-singlet couples only to the up-quark unlike our framework where it is free to couple to all three generations. Furthermore, the authors in [36] show that a spin-independent signal can be generated by the following effective operators:
where G a µν is the gluon field tensor and α S is the strong coupling constant; but this signal is suppressed compared to the spin-dependent contribution given in Equation 14 . Therefore, for a coupling to protons we compare our prediction to limits set by SIMPLE, COUPP and PICASSO [7] [8] [9] which set the most stringent constraints to date and limits from XENON10 [10] for the case where the Majorana neutrino couples to neutrons. The XENON100 results are now available [11] and we note that they are an order of magnitude stronger than those from XENON10 for dark matter masses above 10 GeV. [7] , PICASSO [8] , and SIMPLE [9] are shown in green, red and blue respectively while the spin dependent cross section for scalar mediator masses of m ψ = 100, 400, 600 GeV are depicted by the solid disks, triangles and squares respectively. For coupling to neutrons (right), limits from XENON10 [10] are shown in red.
In Figures 3(a) and 3(b) we show the spin dependent cross section as a function of the Majorana neutrino mass for coupling to the proton and the neutron respectively with y u ψ = 0.1. We have made use of DMTools [46] to plot the limits. In the figures we show the spin dependent cross section for three scalar mediator masses. The solid circles correspond to m ψ = 100 GeV, while the solid triangles and squares correspond to m ψ = 400, 600 GeV respectively. It is evident from the figures that the cross section is enhanced for M NR ≈ m ψ , but the corresponding coupling is too small to constrain the model. In Figures 4(a) and 4(b) we show the spin-dependent cross section with y u ψ = 0.5. Here we see that for small coloured electroweak-singlet mediator with mass ∼ 100 GeV, the region where m ψ ∼ M NR is excluded in both proton and neutron scattering. Therefore, direct detection constraints rule out well tuned combinations of couplings and masses as expected from Equation 14; and one may want to stay away from the resonant regions for y u ψ → 1.
IV. RADIATIVE NEUTRINO MASS GENERATION
In [33] it is mentioned that the unbroken DP can be used to forbid Dirac neutrino mass terms for the active neutrinos, ν i . Therefore, within this framework the usual seesaw mechanism is not operative. However, we showed that the Lagrangian of Equation (2) the exotic coloured scalars. In particular, it had the novel feature of using the right-handed up-type quarks as a portal to communicate with the dark sector. Furthermore, the up-type quarks served as messengers to radiatively generate Majorana masses for the active neutrinos; with the lowest order diagram for neutrino mass generation at three-loops. Models where neutrino masses are generated at the three-loop level have been studied in the past. In particular, the model proposed by Krauss, Nasri, and Trodden (KNT) [47] extends the SM with new scalars and a right handed neutrino playing the role of the dark matter. More recently a variation of the KNT model was introduced and incorporates a fermion triplet to generate neutrino masses at the three-loop level [48] . However, unlike our framework, the new fields are not charged under colour and quarks do not play and active role in the generation of neutrino masses. Within our framework, the three-loop diagram is due to exchanges of both ψ and χ fields. The mechanism is depicted in Figure 5 . However within this framework, the loop is closed through an effective ψψχ 1 χ 1 vertex parametrized by an effective coupling, ρ. This vertex is both hypercharge and weak isospin changing. One way of generating this vertex is by introducing a coloured electroweak-triplet scalar, ω
with no tree-level coupling to fermions. The field ω transforms as a (3, 3, 2/3) under the SM gauge group and it is even under Z 2 . We add to the scalar potential, Equation (3), the terms involving ω
whereṼ (χ, ω) parametrizes all renormalizable quartic couplings between χ and ω. Electroweak symmetry breaking leads to χ − ω mixing given approximately by
GeV. Barring accidental degeneracy between χ and ω this mixing is expected to be small. Thus, the ρ 3 coupling in the scalar potential yields a four scalar coupling involving ψψω † 2 ω † 2 and an effective vertex between ψψχ 1 χ 1 arises and it is given by
Since ω has no couplings to fermions is has less interesting phenomenology than χ although its mass is of order m χ . Furthermore, the effective ρ vertex may also arise from higher scale physics. Armed with the above we obtain finite contributions to the ℓ, ℓ ′ elements of the active neutrino mass matrix M ν . These can be written as
where i, j = u, c, t. The K ij factor controls the scale of neutrino masses and it is given by
This reveals the workings of a generalized seesaw mechanism. The seesaw scale here is m χ . In the limit M NR → 0 there is a conserved lepton number and therefore the active neutrinos will remain massless. Dimensional arguments give the other mass ratios in Equation (20) as the integrals are dimensionless. Numerically it is easy to see that the important contributions come from the t-and c-quarks without fine tuning of the Yukawa couplings. Moreover, if only one generation of quarks contributes, such as the t-quark, then it will give rise to two massless active neutrinos which is ruled out by neutrino oscillation data. Thus, at least two quark generations must come into play. This will result in one massless neutrino, which is consistent with current data. If all three neutrinos were to be found to have non zero masses, then the u-quark must also be included. We note that another solution for light neutrino masses would be to add one or two more N R but we don't pursue this alternative here.
In this work we update the results presented in [33] in various interesting regions of parameter space. We choose to vary only the mass of the coloured electroweak-singlet scalar and the Majorana neutrino, N R . We use a coloured electroweak-triplet scalar with mass m χ = 1 TeV and an effective coupling ρ = 0.1 as benchmark points. In Figure 6 (a) we present the K t,t and K t,c factors in the M NR − m ψ plane for y 
V. CONSTRAINTS
In the following subsections we discuss the main constraints on our model. In particular, we look at the regions of parameter space excluded by lepton flavour violating decays, rare decays of the top quark and the existence of new modes for Higgs decay and production. Furthermore, we look at the latest collider searches for dark matter by the CMS collaboration in the jets + MET and monojet channels.
A. µ → eγ and rare b decays Although the dark matter calculation is not sensitive to the masses of the coloured electroweak-triplet states, they can give rise to lepton flavour violating decays such as µ → eγ as well as a contribution to the muon anomalous magnetic moment, a µ . Both contributions come in at the 1-loop level. Interestingly, the singlet state ψ does not contribute to these processes at this level. The Feynman diagrams for the µ → eγ decay process are depicted in Figure 7 .
The arrows indicate fermion charge flow. Main contribution comes from (a) and (b) whereas (c) and (d) are needed to enforce gauge invariance. Similar diagrams from the second generation quarks are not displayed
The effective Lagrangian for the decay can be written as
The decay width is given by
where a standard calculation yields the following expression for A
In the above equation we have assumed a common mass, m χ , for both χ 2 and χ 3 and defined a i =
Therefore, the branching fraction is given by
In the region where we follow the analysis in [33] where we made use of the latest best fit value for M ν eµ [49] assuming a normal hierarchy with m 1 → 0, and the current experimental bound on Br (µ → eγ) ≤ 2.4 × 10 −12 [50] . With this in mind, in the limit where y t ψ ≫ y c ψ we can rewrite Equation (24) using Equation (19) :
This limit is justified since in order to suppress contributions to the D 0 −D 0 oscillation parameters one must work in the limit where either y c,u ψ are small. This is covered in Section V C. Similar diagrams to those contributing to µ → eγ contribute to the decay b → sγ. This decay has a SM contribution which is the same as the amplitude arising from our new physics. The data [51] is consistent with the SM expectation and we obtain the following limit:
where we have set λ 
In [33] we found that values of λ i l below 0.1, required for sub-eV neutrino masses, are consistent with constraints from rare b decays.
B. Rare top decays
Within our framework both types of Yukawa couplings, λ i l 's and y i ψ 's, are involved in the mechanism that leads to neutrino masses. In Section V A we saw that the decay µ → eγ can directly constrain λ 2 . However, the following rare decays of the top, t → g c, t → γ c and t → Z c will be sensitive to y c ψ . The dominant decay mode is t → g c since this has a large colour charge. This mode can be probed at the LHC through single top production via gluon and c-quark fusion. The SM contributions are negligible and this mode can provide a very sensitive probe for new physics. In particular, the gluon plus c mode is useful for probing new colour degrees of freedom such as the ψ and χ scalars. In our framework, due to the special role that ψ plays in the annihilation of the dark matter candidate, N R , we consider coloured electroweak-singlet states that are much lighter than the coloured electroweak-triplet scalars. The effective Lagrangian for this decay is given by
where G µν is the gluon field tensor. The dipole form factor A g can be calculated from diagrams similar to those that contribute to µ → eγ and it is given by:
where g s is the QCD coupling, T a is a colour SU (3) generator and
for a particle of mass m i . The integral I is given explicitly by
where the c-quark mass can be neglected at these energies. For the case of relatively light Majorana neutrinos, i.e.
x NR << 1, the integral can be expressed in analytic form
A recent ATLAS analysis searching for flavour changing neutral currents in single top quark production with an integrated luminosity of 14.2 fb −1 at a centre of mass energy of √ s = 8 TeV [54] can be used to place an upper bound on the parameters of our model. This bound is given by
Within our framework, both u-and c-quarks can couple to the coloured electroweak-singlet and the Majorana neutrino for non-zero values of y 
where Γ D is the average width of the two neutral D meson mass eigenstates. A current fit to these two variables by the HFAG collaboration gives x D = 0.43
−0.16 %, y D = 0.65 ± 0.08% [51] . Given the uncertainty in the SM long distance contribution to ∆M D , we assume that ∆M D is driven primarily by contributions from this model. This gives us a tighter constraint on our model than assuming that the SM long distance contribution is comparable to the size of ∆M D . Following the analysis of the implications of D 0 −D 0 mixing for new physics [55] , our contribution to x D is given by
where we can use the operator product expansion and the renormalization group to define
In the above equation G is a coefficient with inverse squared mass dimension, C i are Wilson coefficients, and D 0 |Q i |D 0 are effective operators. In our framework, the Lagrangian in Equation 2 yields the following operator at the scale where the heavy degrees of freedom are integrated out,
To take into account the operator mixing between Q 6 and the other 7 operators listed in [55] that arise from the renormalization group running between the scale of new physics and the charm mass m c , we solve the renormalization group equations obeyed by the Wilson coefficients. With this in mind, we obtain a contribution to the mass difference given by
where
and the loop integral factor L(η) given by
With this is mind we exclude regions of parameter space consistent with
where Γ D is the width of the neutral D meson given by Γ D = 1.605 × 10 −12 GeV.
D. Higgs production and decay
The discovery of a 125 GeV SM-like Higgs boson at the LHC [56, 57] has placed strong bounds on models that modify how the Higgs is produced and how it decays. In our model, the new coloured scalar degrees of freedom contribute, at one loop, to SM Higgs production through gluon fusion, and Higgs decays into photons. Since in our framework the coloured electroweak-singlet, ψ, may lie below the TeV scale, the relevant operator contributing to Higgs production and decay after electroweak symmetry breaking (EWSB) is given by
where v = H = 174 GeV. The LHC is now able to restrict the couplings of these new coloured scalars to the SM-like Higgs boson. An analysis in [58] studied the contributions to the Higgs decay width into photons that arise from coloured scalars. Using standard notations, the Higgs diphoton decay width, including only new spin-0 contributions, is given by
where Q ψ = 2/3 and d(r ψ ) = 3 are the charge and dimension of the representation of the coloured electroweak-singlet. The functions F 1 , F 1/2 and F 0 are given by
and [58] . In particular, the parton level cross section for gg → H is given by
and C(r ψ ) = 1/2 is the index of the representation of ψ. Recent results from the LHC suggest a diphoton Higgs decay channel in agreement with the SM. In particular, the ATLAS collaboration measured a σ/σ SM = 1.32 ± 0.38 [59] . The CMS result of 1.14 +0.26 −0.23 [60] . We use these experimental results on the signal strength in the gluon fusion production mode and decay to two photons together with the mass of the Higgs measured by ATLAS and CMS of 125.40 ± 0.37 (stat) ± 0.18 (syst) and 124.70 ± 0.34 GeV respectively and find 2σ and 1σ contours on the m ψ − κ 3 plane using a combined χ 2 fit. Our results are shown in Figure 8 .
E. Collider Constraints
One important feature of our model is that it contains new coloured degrees of freedom which can be produced in hadron colliders such as the LHC. In particular, the coloured electroweak-singlet, ψ, can be pair produced and it can later decay to top and/or light up-type quarks and a large component of missing transverse energy carried away by N R . Additionally, it can be singly produced in association with N R leading to a monojet or monotop signal. A monojet signal is also viable through pair production of Majorana neutrinos with a jet emitted from an intermediate coloured electroweak-singlet, ψ. In what follows we discuss the different searches carried out by the CMS collaboration used to constrain the parameter space considered in this work. The simulation of the signal at the parton level is carried out using MadGraph 5 [61] with model files generated with FeynRules [42] . The parton showering and hadronization are carried out with PYTHIA [62] and the detector simulation using Delphes 3 [63] . The Delphes parameters are changed according to the collider analyses and are discussed below. In addition, we carry out a channel by channel exclusion using a 95% CL excluded number of signal events calculated using a single-channel CL s method adapted from the CheckMATE program [64] . We choose three benchmark scenarios defined by three sets of fixed couplings (y 1, 0.1, 0.1), (1, 0.01, 0.5), (0.4, 0.01, 1) . These scenarios are motivated by the constraints discussed in the previous subsections, in particular, a suppression of D 0 −D 0 oscillations, a small contribution to the decay of µ → eγ and natural neutrino masses. We then compare our excluded regions in the M NR − m ψ plane with the exclusions generated with CheckMATE which combines the following validated ATLAS and CMS analyses:
• Monojet search + / E T [16] • 0 lepton + 6 (2b)-jets + / E T [66]
• 2 − 6 jets + / E T [17]
• 2 leptons + jets + / E T (razor) [67] • At least 2 jets + b jet multiplicity + / E T (α T ) [68] 1. Limits from jets+MET Leading order Feynman diagrams the lead to jets plus MET final states at the LHC. The diagram on the left will also lead to a tt plus MET signature and can be constrained by searches for scalar top pair production [70] .
In this section we look at the possibility of setting limits to our model by considering searches for jets + MET at hadron colliders. We focus on a search for multijets and missing momentum with 19.5 fb −1 of data at √ s = 8 TeV by the CMS collaboration [19] . In our framework there are various topologies that lead to a multijet plus missing momentum final state, these are depicted in Figures 9 and 10 . For small couplings, y c,u ψ , the dominant channel is depicted in 9(a). In fact, this diagram resembles pair production of scalar quarks (squarks) in supersymmetry with a final state containing between two and six jets for arbitrary choices of the couplings y t,c,u ψ . For large y c,u ψ couplings, the production cross section is enhanced via the diagram depicted in Figure 10 (a) since a Majorana fermion mediates the reaction. This enhancement is more pronounced for large M NR .
In the analysis, all reconstructed particles are clustered into jets using the anti-k T clustering algorithm with a cone size ∆R = 0.5. The effects of pile up on the missing energy, in addition to those implemented in Delphes, are taken into account using a gaussian function to smear the amount of missing energy based on the total p T in the event [69] . Events containing isolated electrons or muons with p T > 10 GeV are vetoed. The selection criteria is on the number of jets, N jets , with a transverse momentum of p T > 50 GeV and a pseudorapidity of |η| < 2.5, the visible hadronic activity, H T = Njets |p T | for jets with p T > 50 GeV and |η| < 2.5, and the momentum imbalance / H T = |− jets p T | for jets with p T > 30 GeV and |η| < 5. Furthermore, each event is required to have MET above 150 GeV. All together, 36 signal regions are considered.
The sensitivity of the CMS search to our model for y t ψ → 1 and small y c,u ψ decreases dramatically since now the pair produced coloured singlet scalars will decay predominantly to t-quarks plus MET. In this particular case, the signal region most sensitive to our model is one where N jets = 6 − 7; however since the analysis does not implement a t-quark reconstruction algorithm, the regions with the highest energy jets are those where ψ has a large mass and thus a smaller production cross section. The signal regions where N jets = 3 − 5 lead to a large number of signal events but not enough to overcome the large systematic uncertainties in the calculated background, mainly the contribution from QCD. The sensitivity of the CMS search to our model in the large y c,u ψ limit is strongest for large Majorana masses and away from the degenerate region m ψ ≈ M NR , where high p T jets from the decay of the coloured electroweak-singlet are more prominent. . The diagram on the right contributes to same-sign top (anti-top) production at the LHC.
Limits from monojets
Here we discuss how we can set limits to our model by considering searches for monojets at hadron colliders. We focus on a search for monojet events with 19.5 fb −1 of data at √ s = 8 TeV by the CMS collaboration [18] . Within our framework the topologies that may lead to a final state with one high energy jet and missing momentum are depicted in Figures 9(b) and 10(b). For small values of the coupling y c,u ψ , the topology in Figure 9 (b) dominates. This enhancement is more prominent when the coloured electroweak-singlet is produced on-shell. As the value of the y c,u ψ coupling increases the diagram depicted in Figure 10 (b) will enhance the cross section when a jet is emitted from the intermediate ψ state.
In the analysis, all reconstructed particles are clustered into jets using the anti-k T clustering algorithm with a cone size ∆R = 0.5. The effects of pile up on the missing energy, in addition to those implemented in Delphes, are taken into account using a gaussian function to smear the amount of missing energy based on the total p T in the event [69] . To suppress the SM backgrounds, events with reconstructed muons with p T > 10 GeV, |η| < 2.1 and electrons with p T > 10 GeV and |η| < 1.44 or 1.56 < |η| < 2.5 are rejected. In addition events with a well identified tau with p T > 20 GeV and |η| < 2.3 are also vetoed. The selection criteria requires a jet with p T > 110 GeV and |η| < 2.4 and a second jet with a p T > 30 GeV and |η| < 2.5. The two jets require a separation of ∆φ < 2.5 to suppress QCD dijet events. The analysis is then performed in seven regions of missing energy: / E T > 250, 300, 350, 350, 400, 450, 500, 550 GeV.
Limits from top squark pair production and same-sign tops
Additionally, one may place limits from searches for top squark pair production at hadron colliders. In this section we focus on a search for top squark pair production in the single lepton final state with 19.5 fb −1 of data at √ s = 8 TeV center of mass energies by the CMS collaboration [70] . Within our framework, the topologies that lead to a tt/tt and MET final state are depicted in Figure 9 → 0 since in this region of parameter space BR(ψ → N R t) ≈ 1. It is important to note that the topologies contributing to this analysis also lead to a final state with jets plus MET. However, the former has the advantage that top tagging is implemented. This is done by demanding that three jets in the event originate from a top quark. This allows us to remove a larger amount of background without demanding jets with large p T . In the analysis this is done by calculating a hadronic top χ 2 variable for each triplet of jets in the event. We implement the following selection criteria: Events are required to have one electron or muon with p T > 25 (30) GeV and |η| < 1.4442 (2.1) and lie within a cone ∆R < 0.3 centered around the lepton. In addition, events are vetoed if they contain a second lepton with p T > 10 GeV. All reconstructed particles are clustered into jets using the anti-k T clustering algorithm with a cone size ∆R = 0.5. The effects of pile up on the missing energy, in addition to those implemented in Delphes, are taken into account using a gaussian function to smear the amount of missing energy based on the total p T in the event [69] . Events are required to contain at least four jets with p T > 30 GeV and |η| < 2.5. At least one jet must be consistent with a b-jet and we implement combined secondary vertex medium working point (CSVM) b-tagging algorithm [71] . We require that events contain a transverse mass defined by
GeV, where p l T is the transverse momentum of the lepton and ∆φ is the azimuthal separation between the lepton and the missing energy. In addition, we also implement the hadronic top χ 2 variable and apply the algorithm used in the CMS analysis. The variable is defined by
where M j1j2j3 is the mass of the three-jet system, M j1j2 is the mass of the two jet system, M top = 174 GeV, the pole mass of the top quark, and M W = 80.4 GeV the mass of the W boson. The variables σ j1j2j3 , σ j1j2 are the uncertainties on the masses calculated from the jet energy resolution. Events are required to lie in the region where χ 2 < 5. Furthermore the minimum angular separation between the MET and either of the two highest p T jets, ∆φ min pT,j , / E T is required to lie below 0.8. In our analysis we consider four signal regions in missing transverse energy: MET= 150, 200, 250, 300 GeV.
In addition, the diagram depicted in Figure 10 (a) yields a same-sign top final state. Same-sign top production yields a signal with two same-sign leptons which has a low background rate in the SM. Within our framework this final state is mediated by a Majorana fermion and thus is enhanced for large M NR . Since m ψ > M NR within our framework, one would equally need large ψ masses with smaller production rates. Furthermore a large coupling, y u ψ , is required, but this has the effect of suppressing the decay rate ψ → t N R . Therefore, we expect current searches for same-sign top quarks to have little constraining power on our parameter space. We focus on a search for new physics in events with same-sign dileptons with 19.5 fb −1 of data at √ s = 8 TeV by the CMS collaboration [72] but we find its reach not competitive with the searches described above.
Limits from monotop final states
Recently, the CMS collaboration has performed a search for new physics in monotop final states with 19.7 fb −1 of data at √ s = 8 TeV centre of mass energies [21] . Their reach extends to scalar and vectorial dark matter particles with masses below 327 GeV and 655 GeV respectively. These bounds are within the framework of effective field theories. Within our model, the topology leading to a monotop final state is depicted in Figure 9 (b). We expect the sensitivity of this search to be enhanced for large values of y u ψ due to a larger production cross section. In the analysis, all reconstructed particles are clustered into jets using the anti-k T algorithm with a cone size of ∆R = 0.5. The effects of pile up on the missing energy, in addition to those implemented in Delphes, are taken into account using a gaussian function to smear the amount of missing energy based on the total p T in the event [69] . In the search three jets with p T > 35 GeV are considered and the two leading jets with p T > 60 GeV. Furthermore, the invariant mass of the three jets in the event has to be less than 250 GeV and events with additional jets with p T > 35 GeV are vetoed. One b-tagged jet is required and we implement the CSVM b-tagging algorithm [71] . Events with electrons or muons satisfying p T > 20 (10) and |η| < 2.5 (2.4) are vetoed as well as events with MET< 350 GeV. The analysis is performed in two signal regions defined by zero or one b-tagged jet.
VI. RESULTS
In this section we present the results from a scan on the masses for the coloured electroweak-singlet scalar and the mass of the Majorana neutrino, N R , for three sets of fixed couplings (y In order to show the available parameter space consistent with the present dark matter abundance and all of the constraints discussed in the previous section, we present our results in the m ψ − M NR plane.
In Figure 11 (a) the region consistent with the density of dark matter as measured by Planck [6] is depicted by a black thick solid line for y t ψ = 1 and y c,u ψ = 0.1. The dark grey region is excluded since we have assumed that m ψ > M NR in order for N R to be the lightest stable particle under the dark parity. The region below the thin black line is excluded from the combination of collider constraints discussed above and the thin blue line, the region excluded using CHECKMate [64] . These two regions differ by at most 40 GeV and in regions that are ruled out by a combination of overproduction of dark matter in the early universe (vertical hatched lines) and D 0 −D 0 oscillations, above the blue dashed line. The unhatched region is consistent with all experimental constraints, but fails to yield 100% of the dark matter relic abundance. The coloration is the sensitivity on the uncertainty on the number of signal events and can also suggest the sensitivity to an increase in luminosity. Similarly, in Figure 11 = 0.01, 1. The region in white is allowed but the dark matter annihilates too efficiently in the early universe. Figure 10(b) . In addition, since the value of y t ψ is smaller that in the previous two benchmarks, a region of parameter space is excluded by µ → eγ. This is consistent with the fact that the branching ratio for this decay is inversely proportional to K t,t already for values of y c ψ of order 10 −2 . This region is depicted below the dashed black line. We see that for the scenarios depicted in Figures 11(a) and 11(b) , a dark matter candidate with a mass of 200 GeV is allowed by all experimental constraints for coloured electroweak-singlet scalars with masses between 400 − 600 GeV. This situation can be relaxed if one sets the y 
VII. MONOTOP PRODUCTION
In this section we discuss the monotop signal within our framework. The CDF collaboration reported on a search for dark matter using 7.7 fb −1 of integrated luminosity and pp collisions at √ s = 1.96 TeV [20] . In addition, a stronger bound was set by the CMS collaboration using 19.7 fb −1 of integrated luminosity and pp collisions at √ s = 8 TeV [21] . Within the framework of effective field theories, they were able to place an upper bound on the production cross section of a dark matter particle in association with a single top quark. Their reach extends to scalar and vectorial dark matter masses below ∼ 327 GeV and 655 GeV respectively. In order to compliment the above searches as well as other models that predict a monotop signal, we simulate our signal with an additional jet, that is, contributions to the rate arise from the diagram depicted in Figure 13 as well as Figures 9(a) and 10(a) where one coloured electroweak-singlet decays to a top quark while the other to a light jet. We implement a search strategy at the LHC in the semileptonic decay mode of the top quark, that is:
We study the possibility of probing the allowed region of parameter space with a monotop signal using the full data set with 8 TeV centre of mass energy as well as in the future 14 TeV run.
A. LHC at 8 TeV: Semileptonic mode.
In order to probe a monotop signal at the LHC in the semileptonic decay mode of the top quark one must overcome the very challenging feat of reducing the large QCD multijet and the tt backgrounds. In what follows we implement a monotop search strategy developed in [28] , where one tags the top quark through its semileptonic decay mode. The authors show that the key kinematic variable used to suppress most of the SM backgrounds is the transverse mass of the charged lepton, M T , given by
where p l T is the transverse momentum of the lepton arising from the decay of the top quark, and ∆φ l, / E T is the angular separation between the lepton and the missing energy. For SM backgrounds, this variable tends to peak for smaller values since a real W can be reconstructed. This is not the case for the signal since additional sources of missing energy arise from the Majorana neutrino, N R .
The dominant backgrounds are simulated at leading order using MadGraph 5 [61] . We implement PYTHIA [62] for the parton showering and hadronization. We use the MLM matching scheme [73] to avoid double counting. The detector simulation is carried out using Delphes 3 [63] , and it is used for jet clustering and lepton isolation. In addition, we implement a b-tagging efficiency of 40%, a charm misidentification probability of 10% and 0.1% for light jets. This requirements are consistent with the PGS b-tagging efficiencies for tight tags [74] . We then reweight the events to include higher order corrections when they are available. A k factor for tt production is obtained by normalizing the leading order (LO) inclusive production cross section to the next-to-next-to-leading order (NNLO) cross section calculated in [75] . For single top production we simulate pp → tj, pp →tj, pp → tW and pp →tW and normalize the total cross section to the next-to-next-to-leading log threshold resummed result in [76] . For W and Z production we simulate the LO inclusive cross section and decay the gauge bosons leptonically. We then normalize the pp → W X → lν X cross section to the NNLO result in [77] and the pp → Z X → l + l − X in [78] . The LO order diboson production are normalized to their next-to-leading order (NLO) predictions in [79] . The k-factors associated with the dominant backgrounds are summarized in Table I We simulate the tt background with up two jets. This background can be suppressed by demanding one isolated lepton and requiring M T > ∼ 80 GeV, since we expect most of the missing energy to come from a reconstructed W . Additional missing energy may arise from misreconstructed jets but these events can be suppressed by vetoing on jets with large p T . Single top production is simulated with up to one jet or a W boson. This background is irreducible when the production is in association with a jet and can produce additional missing energy in the tW mode in case a lepton is missed. We simulate W j with up to three jets. This background has a large cross section, but vetoing on events with more than one jet and requiring that M T > ∼ 80 GeV significantly reduces the background. Zj is also simulated with up to three jets, and can be suppressed by requiring one isolated lepton and vetoing on events with more than one jet. Furthermore, the contributions from Zj/W j are suppressed with the b-tagging requirements described above. We simulate W W , W Z and ZZ, but note that this background contributes the most if a jet is mistagged as a b-jet. The QCD multijet background comes from misidentified leptons and the missing energy from misreconstructed jets. The authors in [28] argue that a high p T veto is very effective at suppressing the QCD multijet background that we do not simulate and it is efficient at also reducing the all hadronic decay mode the tt background. We pre-select events by requiring one charged lepton with p T > 20 GeV and |η| < 2.5 in addition to the presence of a b-jet with p T > 20 GeV and |η| < 2.5. We require one light jet with p T > 20 GeV and |η| < 4.5. The effects of pile up on the missing energy, in addition to those implemented in Delphes, are taken into account using a gaussian function to smear the amount of missing energy based on the total p T in the event [69] . In Figures 14(a) and 14(b) we show the fraction of events as a function of MET and the transverse mass, M T , only after requiring one b-tagged jet. The solid black line corresponds to a low mass scenario where M NR = 80 GeV and m ψ = 150 GeV and the dashed black line to a high mass scenario where M NR = 210 GeV and m ψ = 700 GeV. This is done in order to identify two signal regions for all of the parameter space parametrized in the m ψ − M NR plane. Using these two distributions we define a low mass signal region where / E T > 90 GeV and M T > 110 GeV, and a high mass signal region where / E T > 200
GeV and M T > 120 GeV. Furthermore, in order to suppress the QCD multijet background, in samples with one light jet, we exclude any event where p T,j > 70, 120 GeV for the two sets of cuts respectively since misreconstructed jets may appear as large missing energy. In Table II we show the number of expected events and cross section for the SM backgrounds for the two signal regions. One can see that the Z+jets background is absent in both cases, while a high MET cut and a large jet p T veto significantly reduces the tt and W +jets backgrounds. In Figures 15(a) and 15(b) we show the allowed region of parameter space after all constraints have been taken into consideration (light and dark grey regions) in the m ψ − M NR plane for the two signal regions using as a benchmark the couplings (y t ψ , y c ψ , y u ψ ) = (1, 0, 0.5). We saw in the previous section that this benchmark was the most promising for a monotop signal after taking into account all constraints. The region excluded by all of the constraints described earlier (using CMS data for the direct collider searches) is denoted by the vertical hatched region, the white region is an allowed region that does not account for 100% of the observed relic abundance and the solid red line yields a thermal relic. The black, blue, and green solid lines depict the region of parameter space where our monotop signal can reach a significance, s = S/ √ S + B, of two, three and five respectively. One can see that cuts consistent with the high mass signal region are more efficient at eliminating the SM backgrounds, and this model can be probed at the two sigma level for m ψ between 100 and 500 GeV and M NR between 100 and 200 GeV.
B. LHC at 14 TeV
In this section we analyze the LHC reach of our monotop signal at 14 TeV centre of mass energies with 30 and 300 fb −1 of integrated luminosities. We give an estimate of the SM backgrounds using the k-factors introduced in Table I to account for the higher order QCD corrections and simulate the cross sections at leading order using Madgraph 5 [61] . We implement PYTHIA [62] for the parton showering and hadronization. We use the MLM matching scheme [73] to avoid double counting. The detector simulation is carried out using Delphes 3 [63] , and it is used for jet clustering and lepton isolation. In addition, we implement a b-tagging efficiency of 40%, a charm misidentification probability of 10% and 0.1% for light jets. The normalized cross sections are given in Table III . In the previous section we saw that one may probe this model with 20 fb −1 of data at √ s = 8 TeV with a significance, s, of two. Thus, probing this model with future LHC energies is important in order to explore the remaining region of parameter space. We focus again on the benchmark point given by (y In the previous section, we showed that the full data set at √ s = 8 TeV was not enough to probe the parameter space using the semieptonic decay mode of the top quark. However, we saw that a large enough cut on the MET was enough to suppress the W and Z plus jets backgrounds. This was due to the low acceptance rate from demanding a b-jet and an isolated lepton in the final state. The suppression of the W plus jets background component was also due to a cut on the transverse mass of the charged lepton, M T . At energies of √ s = 14 TeV, the same behaviour is observed if one keeps events with a high enough MET. Therefore, in our analysis we apply the cuts used to enhance the sensitivity of the search to the high m ψ region:
In addition, we require events to contain up to one jet with p T < 120 GeV in order to suppress the QCD multijet SM background which we do not simulate. The signal cross section together with the three dominant backgrounds, W j, tt and tj + tW , are shown in Table IV . The signal corresponds to a coloured electroweak-singlet scalar with mass m ψ = 700 GeV and a Majorana neutrino with mass M NR = 210 GeV. In Figures 16(a) and 16(b) we show the signal significance in the m ψ − M NR plane using 30 fb −1 and 300 fb −1 of integrated luminosities respectively. Contours of s = 2, 3, 5 are depicted by the solid black, blue and green lines respectively. Compared to the scenario depicted in Figure 15 (b), the increase in energy from 8 to 14 TeV already shows that the LHC will potentially begin to probe this framework very early during run 2. However, an order of magnitude increase in the luminosity will probe the allowed region of parameter space for Majorana neutrino masses up to ∼ 400 GeV, complimenting searches of pair production of scalar top quarks at the LHC. We can also see from the figure that at these luminosities one can begin to probe the compressed region where m ψ ≈ m t . for the three dominant SM backgrounds specified after applying the cuts mentioned in the text. The signal strength is also shown for m ψ = 700 GeV and MN R = 210 GeV.
Even though the above analysis has been carried out by tagging the semileptonic decay mode of the top quark, one can equally tag the hadronic decay mode. However, the all-hadronic and QCD multijet backgrounds do represent a problem in accurately taking into account all SM backgrounds. Simulating these backgrounds will require the combined efforts from experimentalists and theorists alike. Nonetheless, one can start to better discriminate the signal from the well established SM backgrounds by tagging boosted tops. Within our framework, at √ s = 14 TeV, the production of heavy coloured electroweak-singlet scalars leads to boosted tops provided that the mass of the Majorana neutrino is not very large. This is particularly interesting since this region of parameter space is consistent with the relic abundance of dark matter in the universe. In Figure 17 we show the fraction of events as a function of the transverse momentum of the reconstructed three-jet system which we label p T,top only after requiring that each event contains a b-tagged jet. The momentum corresponds to the combination of the leading b-jet in the event together with the leading two light jets. For the signal (black dashed line) this is consistent with the transverse momentum of a top quark. We see that a larger fraction of the events peaks at values greater than 200 GeV and the presence of boosted top quarks, unlike the signal where most of the SM background has a sharp drop. The study of boosted tops and how they are tagged is an active field of research [80] [81] [82] [83] [84] [85] and it would be very interesting to see its effects on models that predict a monotop signal at large centre of mass energies, together with a full implementation and treatment of the QCD multijet background.
VIII. DISCUSSION
In this study we have generalized the model introduced in [33] , coupling all three generations of right-handed uptype quarks to a Majorana neutrino and a coloured electroweak-singlet scalar. Within this framework, the dark matter relic abundance can match the latest experimental results over a wide range of couplings y t,c,u ψ . However, we saw that very large values of y u ψ can be in disagreement with limits obtained from direct dark matter searches. In particular, the model is mainly constrained by spin dependent interactions between the dark matter and nuclei. The constraints are larger when the coloured electroweak-singlet scalar is in resonance with the Majorana neutrino. Furthermore, the possibility of radiatively generating Majorana masses for the active neutrinos is mainly dependent on y We have implemented collider searches for monojets and multijets in association with missing transverse energy. In addition, it was seen that searches for scalar top pair production can further exclude a wide region of the parameter space. To analyze the impact of these searches, we have applied the constraints to three benchmark scenarios. The benchmark scenarios all have a large value of y t ψ to evade rare decay bounds and small value of y c ψ to avoid constraints from flavour oscillations. Three values of y u ψ ranging from 0.1 − 1 were considered. This coupling was varied mainly because we study the production of a single top quark in association with missing transverse energy, which in this framework, has as the main production mode quark-gluon fusion. This production mode is enhanced for large values of y u ψ , however, the parameter region corresponding to large y u ψ is highly constrained by monojet + MET searches. We have analyzed the monotop production in the semileptonic decay mode of the top quark after implementing a search by the CMS collaboration in the hadronic decay mode at √ s = 8 TeV. It was seen that with the current √ s = 8 TeV data set a monotop search does not probe the allowed region of parameter space. The situation changes at √ s = 14 TeV, where an approximate calculation puts this model within the reach of the LHC with 30 and 300 fb −1 of integrated luminosity. Future work may want to consider better top quark reconstruction techniques to better discriminate the SM background. In particular, tagging boosted tops can be used to better probe models that predict a monotop signature with 14 TeV centre of mass energies.
